The protein trans-splicing (PTS) activity of naturally split inteins has found widespread use in chemical biology and biotechnology. However, currently used naturally split inteins suffer from an "extein dependence," whereby residues surrounding the splice junction strongly affect splicing efficiency, limiting the general applicability of many PTS-based methods. To address this, we describe a mechanism-guided protein engineering approach that imbues ultrafast DnaE split inteins with minimal extein dependence. The resulting "promiscuous" inteins are shown to be superior reagents for protein cyclization and protein semisynthesis, with the latter illustrated through the modification of native cellular chromatin. The promiscuous inteins reported here thus improve the applicability of existing PTS methods and should enable future efforts to engineer promiscuity into other naturally split inteins. A n intein is an intervening protein domain that undergoes a unique posttranslational autoprocessing event, termed protein splicing. In this spontaneous process, the intein excises itself from the host protein and, in the process, ligates together the flanking N-and C-terminal residues (exteins) to form a native peptide bond (SI Appendix, Fig. S1A ) (1, 2). Although inteins are most frequently found as a contiguous domain, some exist in a naturally split form. In this case, the two fragments are expressed as separate polypeptides and must associate before splicing takes place, so-called protein trans-splicing (SI Appendix, Fig. S1B ). Unlike many well-characterized contiguous inteins that splice slowly, several naturally split inteins demonstrate rapid splicing kinetics (3-6). Indeed, the discovery of these ultrafast split inteins has enabled the development of numerous tools for both synthetic and biological applications (1).
The protein trans-splicing (PTS) activity of naturally split inteins has found widespread use in chemical biology and biotechnology. However, currently used naturally split inteins suffer from an "extein dependence," whereby residues surrounding the splice junction strongly affect splicing efficiency, limiting the general applicability of many PTS-based methods. To address this, we describe a mechanism-guided protein engineering approach that imbues ultrafast DnaE split inteins with minimal extein dependence. The resulting "promiscuous" inteins are shown to be superior reagents for protein cyclization and protein semisynthesis, with the latter illustrated through the modification of native cellular chromatin. The promiscuous inteins reported here thus improve the applicability of existing PTS methods and should enable future efforts to engineer promiscuity into other naturally split inteins. A n intein is an intervening protein domain that undergoes a unique posttranslational autoprocessing event, termed protein splicing. In this spontaneous process, the intein excises itself from the host protein and, in the process, ligates together the flanking N-and C-terminal residues (exteins) to form a native peptide bond (SI Appendix, Fig. S1A ) (1, 2) . Although inteins are most frequently found as a contiguous domain, some exist in a naturally split form. In this case, the two fragments are expressed as separate polypeptides and must associate before splicing takes place, so-called protein trans-splicing (SI Appendix, Fig. S1B ). Unlike many well-characterized contiguous inteins that splice slowly, several naturally split inteins demonstrate rapid splicing kinetics (3) (4) (5) (6) . Indeed, the discovery of these ultrafast split inteins has enabled the development of numerous tools for both synthetic and biological applications (1) .
A major caveat to splicing-based methods is that all characterized inteins exhibit a sequence preference at extein residues adjacent to the splice site. In addition to a mandatory catalytic Cys, Ser, or Thr residue at position +1 (i.e., the first residue within the C-extein), there is a bias for residues resembling the proximal N-and C-extein sequence found in the native insertion site. Deviation from this preferred sequence context leads to a marked reduction in splicing activity, limiting the applicability of protein trans-splicing (PTS)-based methods (3, (7) (8) (9) (10) (11) . Accordingly, there is a need for split inteins whose activities are minimally affected by local sequence environment. Although efforts have previously been made to engineer promiscuous inteins (12, 13) , these have not focused on naturally split inteins, which have superior fragment association and splicing kinetics (4) (5) (6) .
Here, we report engineered versions of naturally split inteins that possess greatly improved extein tolerance. Guided by our understanding of active site interactions critical for efficient protein splicing, we carried out targeted saturation mutagenesis of an ultrafast split intein and then used a cell-based selection system to identify mutants that are able to support efficient splicing in a wide range of local extein contexts. The "promiscuity" of these mutant inteins was verified through a series of in vitro kinetic measurements. NMR spectroscopy and molecular dynamics (MD) simulations indicate that the mutations lead to localized structural changes in the intein active site that account for the improved extein tolerance. The mutant inteins are shown to be superior reagents for two important PTS applications: protein cyclization and protein semisynthesis, with the latter illustrated through the installation of a posttranslational modification into a histone within native cellular chromatin.
Results
Design of a Promiscuous DnaE Intein. The most commonly used family of naturally split inteins is found embedded within the catalytic subunit of DNA polymerase III (DnaE) in many species of cyanobacteria (Fig. 1A) (14) . These DnaE inteins, such as the well-studied and frequently used Nostoc punctiforme (Npu) split intein, show minimal sensitivity to the nature of N-extein residues (4, 9) . Extein sequence preferences are largely confined to the catalytic cysteine at the +1 position and large hydrophobic residues that are preferred at the +2 position of the C-extein (9) . Mutating the native Phe +2 residue in Npu (t 1/2 for splicing = 0.9 min) to a less bulky residue such as Ala leads to a marked decrease in splicing rate (t 1/2 = 50 min; Fig. 1B ) (10) . This +2 C-extein residue sensitivity is caused by loss of a stabilizing interaction between Phe +2 and His 125 , a key catalytic residue in the last step of protein splicing, involving the cyclization of Asn 137 (10, 15, 16) . Less bulky +2 residues lead to a more dynamic His 125 side chain, populating additional conformations that are not conducive to catalysis. We hypothesized that engineering the loop on which His 125 is located (residues 122-124) could favorably alter His 125 conformational dynamics and potentially limit the Significance Naturally split inteins are important tools in chemical biology and protein engineering, as they provide a rapid and bioorthogonal means to link two polypeptides, termed exteins, together in a near-traceless manner. However, their use is currently limited by sequence constraints imposed by these extein residues. The engineered split inteins reported in this work, Npu GEP and Cfa GEP , demonstrate a marked enhancement in extein tolerance, offering greater promiscuity for splicing nonnative sequences. As such, they are shown to improve two important applications of naturally split inteins: protein cyclization and the chemical tailoring of native chromatin. We expect these promiscuous inteins to find broad use in other applications of split inteins that involve the construction of proteins with well-defined sequences.
effect of the +2 residue on splicing kinetics, thereby generating a more promiscuous intein ( Fig. 2 A and B) .
To implement this loop engineering, we used a previously reported selection assay that couples splicing activity to antibiotic resistance in Escherichia coli (16) . This involves intein-mediated reconstitution of a split version of the aminoglycoside phosphotransferase (KanR) protein ( Fig. 2A) . We carried out saturation mutagenesis on the His 125 loop (residues 122-124) of Npu and selected for kanamycin-resistant clones in the presence of the unfavorable Gly +2 (SI Appendix, Fig. S2 ). The majority of the colonies that were observed under selective pressure contained a GXP motif at residues 122-124 (GRP, GEP, or GPP, in place of the native ERD sequence; SI Appendix, Table S1), with the loop sequence GEP imparting the greatest improvement in splicing activity in vitro in the presence of a +2 glycine reside (SI Appendix, Fig. S3 ). Remarkably, the GEP mutation (Npu GEP ) leads to a significant increase in kanamycin resistance for every unfavorable C-extein +2 residue in the E. coli selection assay (Fig. 2C) . In vitro analysis of this mutation demonstrated an increase in splicing rate for Ala +2 (fivefold), Gly +2 (10-fold), Arg +2 (10-fold), Asp +2 (10-fold), Thr +2 (sevenfold), Cys +2 (eightfold), Val +2 (sixfold), Glu +2 (fivefold), and Pro +2 (sixfold), along with a slight decrease for Phe +2 (threefold), with all reactions achieving greater than 85% conversion ( Fig. 2D and SI Appendix, Table S2 ).
Structural Effects of the GEP Loop Mutation. To understand the structural effect of the GEP loop mutation, artificially fused Npu intein fragments containing the WT or GEP loop and either Phe +2 or Gly +2 exteins were expressed in 15 N, 13 C isotopically enriched media, purified, and analyzed by NMR spectroscopy (SI Appendix, Fig. S4 ). To enable structural studies, splicing was inactivated through both C1A and N137A mutations. The majority of backbone resonances were assigned for all four constructs, and the chemical shift perturbations (Δδ) caused by the loop mutation were calculated for each residue and mapped onto the Npu structure ( Fig. 3 A and B and SI Appendix, Figs. S5 and S6) (17) . This shows that the greatest values of Δδ are present in residues structurally proximal to the loop, with modest perturbations elsewhere. Furthermore, changes in chemical shift were also observed for the aromatic side chain protons of His 125 ( Fig. 3C and SI Appendix, Fig. S7 ), the catalytic residue targeted by the loop engineering. The highly localized changes in chemical shifts in the NMR studies demonstrate the surgical nature of the loop engineering, which leaves the majority of the residues and overall structure of the protein minimally affected.
To better elucidate the effect of the GEP loop mutation, MD simulations were carried out with Npu split intein complexes bearing the aforementioned exteins and loop mutations. Previous MD simulations demonstrated that the F+2A mutation in the C-extein resulted in a less constrained His 125 side chain that sampled a catalytically unfavorable χ 1 dihedral angle distribution, as well as an increased distance from the Asn 137 side chain (10) . In the presence of Gly +2 , similarly unfavorable conformational heterogeneity for His 125 was observed (Fig. 3D) . Inclusion of the GEP loop mutation with Gly +2 , however, constrains the His 125 side chain χ 1 dihedral angle and distance to Asn 137 to values similar to those observed for the WT intein with Phe +2 (Fig. 3D and SI Appendix, Fig. S8 ). This restriction of His 125 side chain conformational dynamics offers one potential explanation for the improved activity of the GEP loop mutant.
The Cfa GEP Intein Improves Split Intein Mediated Protein Cyclization.
We wondered whether the GEP loop would also improve promiscuity of other members of the DnaE split intein family. Recently, we reported a consensus DnaE intein (Cfa) that possesses exceptional thermal and chaotropic stability, as well as robust yields during recombinant protein expression (18) . Engineering the GEP loop mutation into Cfa (Cfa GEP ) also resulted in increased promiscuity at the +2 position of the C-extein in the kanamycin resistance assay (SI Appendix, Fig. S9 ), indicating that the precision loop engineering used for Npu is applicable to related split inteins.
Improving split intein promiscuity should, in turn, improve the efficacy of many PTS-based methods. To demonstrate its utility, we applied Cfa GEP to the split intein mediated circular ligation of peptides and proteins (SICLOPPS) (19) (20) (21) (22) . In SICLOPPS, N-and C-intein fragments are appended to the Cand N-terminus of a peptide (or protein), respectively. Spontaneous intramolecular splicing leads to the generation of a cyclic product (Fig. 4A) . Because the system is genetically encoded, the sequence of the insert can be easily randomized and coupled to a cell-based selection or screen to identify cyclic peptide inhibitors of enzymes or protein-protein interactions (19, (21) (22) (23) . For example, a SICLOPPS library was previously combined with an orthogonal aminoacyl-tRNA synthetase/ tRNA CUA pair in E. coli to evolve inhibitors of HIV protease (24) . Cellular applications of protein splicing can, however, be particularly sensitive to extein mutations because of the presence of intracellular thiols, which intercept and cleave the thioester intermediates of slow-splicing inteins (SI Appendix, Fig. S10) . Thus, the +2 C-extein dependency is likely to bias the sequence diversity of the libraries used in SICLOPPS screens. Illustrating this point, cyclization of the enhanced green fluorescent protein (eGFP), using a WT Cfa split intein (Cfa WT ) SICLOPPS system, was found to be highly sensitive to the identity of the +2 residue (Fig. 4 A and B) . In contrast, use of the more promiscuous Cfa GEP split intein led to improved yields of cyclized product in all unfavorable +2 contexts. Furthermore, Cfa GEP maintains this improved cyclization activity even when the −1 and +3 extein positions are varied (Fig. 4 C  and D) . Notably, similar results were observed for the cyclization of a small ubiquitin-like modifier (SUMO)-containing construct (SI Appendix, Fig. S11 ), demonstrating that the improved cyclization activity associated with the Cfa GEP split intein is not protein-dependent.
Semisynthesis of Chromatin in Nucleo, Using the Cfa GEP Intein. Recently, split inteins have been used to chemically modify cellular chromatin (25) . This in nucleo protein semisynthesis strategy provides a means to validate in vitro observations of histone biochemistry in the context of a native cellular chromatin (26) . So far, these investigations have been restricted to histone H2B, specifically involving the introduction of posttranslational modifications within the C-terminal region of this protein. We wondered whether the improved activity of the Cfa GEP system might permit access to other regions of chromatin, and in particular, the N-terminal tail of histone H3, where many posttranslational modifications involved in gene regulation are clustered (27) . With this in mind, we designed a PTS route that would allow synthetic access to the first 28 amino acids of H3, essentially the entire tail of the histone (SI Appendix, Fig. S12 ). Notably, this design places a proline at the critical +2 position of the C-extein (i.e., the histone), which is an unfavorable residue for WT DnaE inteins. Initial studies revealed poor incorporation of the requisite truncated histone-intein fusion construct (Cfa C WT -H3 ) into native chromatin of HEK293T cells, possibly as a result of removal of recognition sequences required for nuclear localization and/or an inability to be recognized by histone chaperones (SI Appendix, Fig. S13 ) (28) . This problem was solved by fusing the missing 28 residues of H3 to the N terminus of Cfa C , in effect embedding the intein fragment within the histone (Fig. 5A) . Note that the appended H3 fragment is removed, along with Cfa C after PTS. Importantly, this insertion strategy worked for both the WT and mutant versions of Cfa C , thereby allowing us to directly compare their PTS activities in this chromatin context (SI Appendix, Fig. S13 ). Accordingly, isolated nuclei were exposed to a semisynthetic protein containing an N-terminally biotinylated histone H3 fragment with a trimethylated lysine at position 27 fused to Cfa N (biotin-H3 1-28 K27me3-Cfa N ), which, on splicing, generates a modified version of full-length histone H3 (Fig. 5A) . Gratifyingly, we found that the Cfa GEP split intein system supports much more robust PTS compared with the WT intein (Fig. 5B) , with an approximately fourfold increase in spliced product based on densitometry analysis of the immunoblot. As expected, the reaction led to an increase in the levels of the H3K27me3 modification on chromatin (Fig. 5C ). Thus, use of the promiscuous Cfa GEP intein in conjunction with the aforementioned intein insertion strategy allows chemical tailoring of a critical region of the H3 tail in a temporally controlled fashion.
Discussion
Naturally, split inteins have evolved their activity in the context of a particular protein insertion site, which results in some nonnative extein residues having reduced rates of protein splicing. This extein dependence of splicing activity has been a major impediment to the applicability of split intein-based technologies, as it limits the availability of protein split sites amenable to PTS (1). Through targeted mutagenesis of a key loop of the Npu DnaE intein, we identified a mutated sequence (ERD to GEP at residues 122-124) that imparts broad improvements to the splicing activity with nonnative extein residues, overcoming limitations imposed by the +2 C-extein residue. In addition, we have shown through NMR spectroscopy that this loop engineering approach acts in a surgical manner by only affecting the chemical environment of adjacent residues, leaving the majority of the protein unperturbed. Furthermore, MD simulations indicate that the GEP mutation could enable favorable conformational dynamics of the catalytic His 125 in the context of the unfavorable Gly +2 extein. Thus, the tuning of key catalytic residues within the active site through local changes in sequence, as seen with His 125 , can be an effective means to enable intein promiscuity. Identifying the His 125 loop as a target for mutagenesis was enabled by the detailed biochemical and structural characterization of extein dependency within the Npu DnaE intein (9, 10, 16) . We expect that this strategy of thorough mechanistic characterization followed by targeted mutagenesis may similarly be applied to recently identified split inteins that possess splicing activity that is complementary to the DnaE family (6, 29) . The ultrafast gp41-1, gp41-8, IMPDH-1, and NrdJ-1 inteins are especially appealing targets for this strategy because they use a serine at the +1 position of the C-extein, which makes them applicable in proteins incompatible with the Cys +1 requirement of DnaE inteins.
The greatest value of inteins lies in their use as tools for chemical biology and protein engineering. We demonstrated that the Cfa GEP intein improves the scope of two such applications: protein cyclization and the in nucleo semisynthesis of chemically tailored chromatin (22, 25) . The improved cyclization enabled by Cfa GEP may be further extended to a SICLOPPS library and selection system to identify cyclic peptides that bind or inhibit a target enzyme (23) . Furthermore, the greater splicing yields demonstrated for histone semisynthesis with the Cfa GEP intein in nucleo could be applied both to histones and other cellular proteins in live cells (30, 31) . Beyond the applications demonstrated in this study, we would expect the engineered GEP loop mutation to also improve many other uses of naturally split inteins, including the generation of segmentally labeled proteins for NMR spectroscopy (32, 33) and the production of recombinant proteins that would otherwise be incompatible with cellular expression systems (34) . Thus, the promiscuous inteins reported in this study should expand the breadth of proteins accessible to PTS-based technologies.
Methods
A detailed description of all materials, equipment, and methods used in this study can be found in the SI Appendix. An abridged description is presented here.
Antibiotic Selection of His 125 Loop Library. The saturation mutagenesis library was transformed into DH5α competent cells and plated on LB-Agar plates containing 100 μg/mL ampicillin (Amp) and 0, 10, 20, 30, 40, or 50 μg/mL kanamycin (18 h, 37°C). Colonies were observed on plates containing up to 30 μg/mL kanamycin. They were then isolated and sequenced to identify the residues present in the 122-124 loop region (SI Appendix, Table S1 ).
E. coli KanR Assay. Splicing assays in which intein activity was coupled to kanamycin resistance in E. coli were performed as previously described (16, 18) .
Recombinant Protein Production. All recombinant proteins described in this study were expressed in Rosetta (DE3) E. coli cells (3 h, 37°C, or 16 h, 18°C) . NH 4 Cl as the sole carbon and nitrogen sources. The proteins were then isolated by Ni-NTA affinity purification. For N-inteins and fused inteins, the proteins were further purified by size exclusion chromatography. For C-inteins, the proteins were ligated to tripeptides and purified by preparative RP-HPLC. For all proteins described in this study, the purified products were analyzed by RP-HPLC and electrospray ionization (ESI)-MS.
In Vitro Splicing Assays. In vitro splicing reactions were carried out as previously described (10) . Equal volumes of N-inteins (15 μM) and C-inteins (10 μM) were mixed and incubated (30°C). Individual times were quenched with 8 M guanidine hydrochloride, 4% TFA (reaction:quencher, 3:1 vol/vol) and analyzed by either RP-HPLC or ESI-MS. Peaks corresponding to the starting material, branched intermediate, and spliced product were identified, normalized, and fit to the analytical solution of the coupled differential rate equation for the three-state kinetic splicing model. The mean and SD of three independent replicates are reported. NMR Spectroscopy. NMR spectroscopy was performed at 37°C in field strengths of 600 or 900 MHz on the uniformly 13 (36) . The chemical shift perturbation values were then calculated and represented as a heat map on the crystal structure of Npu DnaE (PDB ID: 4kl5) (17) .
MD Simulations. The MD simulations were carried out as previously described (10) .
Cyclization of eGFP and SUMO. As described earlier, proteins were expressed and then purified with Ni-NTA affinity beads. They were next analyzed by RP-HPLC and ESI-MS. In addition, the percentage of cyclized product was determined by SDS/PAGE, as peaks were identified that correspond to starting material, N-terminal cleavage, linear product, and cyclized product. These peaks were then normalized, and the average of three independent replicates is reported.
Semisynthesis of Biotin-H3 K27me3-Cfa N . The biotin-H3 1-28 K27me3 hydrazide peptide was synthesized by Fmoc-based solid phase peptide synthesis on a 2-chlorotrityl chloride resin. The resin was prepared as previously described (37) , and the synthesis followed standard Fmoc solid phase peptide synthesis protocols. After cleavage from the resin, the peptide was purified by preparative RP-HPLC and analyzed by analytical RP-HPLC and ESI-MS. The purified peptide hydrazide was then converted to a thioester, as previously described (37) , and ligated to an expressed Cys-Cfa N protein under native conditions. The ligated Biotin-H3 1-28 K27me3-Cfa N product was further purified by FPLC, and then analyzed by RP-HPLC and ESI-MS.
In Nucleo Modification of Chromatin. Plasmids were transfected into HEK 293T cells (10 7 ), using lipofectamine 2000, following the manufacturer's instructions. Cells were harvested after 24 h, and nuclei were isolated as previously described (25) . Splicing reactions were carried out in delivery buffer (20 mM Hepes, 1.5 mM magnesium chloride, 150 mM potassium chloride, 1 mM DTT, 1 mg/mL BSA, 1 mM ATP, protease inhibitors at pH 7.6) by addition of Biotin-H3 K27me3-Cfa N (0.25 μM), with time points quenched at the indicated times with iodoacetamide (80 mM). The samples were separated by SDS/PAGE and analyzed by Western blot, blotting against αFlag and αBiotin (Fig. 4B) . For the αH3K27me3 blot (Fig. 4C ), samples were quenched after 2 h, separated by SDS/PAGE, and analyzed by Western blot (αFlag and αH3K27me3). 
